Linear alkylbenzene sulphonate (LAS) is a major anionic surfactant used in detergents worldwide and 6 as such is a ubiquitous constituent of domestic and municipal wastewaters. Increasingly, constructed 7 wetlands are being employed as a low cost and sustainable alternative to traditional wastewater 8 treatment processes. Plants are known to play a vital role both directly and indirectly in the removal 9 of contaminants in wastewater treatment constructed wetlands. However, relatively little research 10 has been conducted into the manipulation of the plant component in order to optimise constructed 11 wetland performance. Furthermore, little is known about the role of plants in the removal of specific 12 contaminants including LAS. The present study investigated the effects of plant biomass and plant 13 species on LAS removal in a series of experimental subsurface flow wetlands. Our results confirm that 14 the presence of vegetation enhances LAS removal, with higher biomass systems associated with 15 higher LAS removal rates. Differences in LAS removal were also observed between different plant 16 species, although these were not found to be statistically significant. 17
Introduction 20
Constructed wetlands are designed to mimic the biogeochemical characteristics and functions of a 21 natural wetland under more controlled conditions. On account of their natural nutrient cycling 22 capacity, the application of constructed wetlands for sewage treatment has been popular, with over 23 50,000 systems reported to be in operation in Europe (Wu et al. 2015) , usually in a secondary or 24 tertiary capacity. The effectiveness of the wetland is based on various complex physical, chemical and 25 biological processes occurring in parallel between the substrate, plants and microorganisms. Surveys 26 on the removal of various pollutants in constructed wetlands have been conducted globally, e.g. 5-27 day Biochemical Oxygen Demand (BOD5) (Sankararajan et al. 2017) , phosphate (Ramasahayam et al. 28 2014), nitrate (Wu et al. 2014 ) and metals (Šíma et al. 2016) . To date however, relatively few studies 29 have considered the role of constructed wetlands in the removal of surfactants. 30
Surfactants are surface-active compounds that consist of both polar and non-polar parts (Swisher 31 1987) . These compounds are widely used in detergents due to their unique surface-active properties 32 (Swisher 1987 ) and are therefore a major component of urban wastewaters. Linear alkylbenzene 33 sulphonate (LAS) is a major anionic surfactant used in detergents worldwide due to its effectiveness, 34 cost/performance ratio, versatility and environmental safety record (de Wolfe & Feijtel 1998) . It is the 35 most widely used synthetic anionic surfactant and is therefore an omnipresent water contaminant 36 (Vymazal 2014) . It can also be used as an indicator of the presence of other pharmaceuticals and 37 personal care products (PPCPs) in surface waters (Nakada et al. 2008 ). The surfactant was introduced 38 in the 1960s as a replacement for slowly degradable alkylbenzene sulphonate (ABS). Foaming 39 problems in sewage treatment plants, rivers and lakes mainly due to ABS are well documented (Jensen 40 1999) . Since the foaming problems of the 1960s, regulations have been introduced stipulating that 41 surfactants released into the environment must exhibit high biodegradation capacities. Only limited 42 research has been conducted into the fate of LAS and other surfactants in wetlands; Inaba et al. (1988) 43 assessed LAS removal in a large-scale natural wetland system in Japan and reported seasonal variation 44 in LAS removal due to temperature-driven changes in biodegradation by bacteria and/or adsorption 45 on sediment particles. Longer alkyl chain homologues are reported to be removed to a greater extent 46 than shorter alkyl chains (Billore et al. 2002 ; Thomas et al. 2003) . Research has also shown that 47 shallower beds, where more oxygenated conditions occur, are associated with the highest rates of LAS 48 degradation (Huang et al. 2004) . 49
Plants are known to play a key role in various physical, chemical and biological processes in a wetland. 50
For example, they serve to stabilize the bed surface, insulate against freezing and frost through litter 51 production, prevent clogging, shield algae from incoming solar radiation, adsorb and store nutrients, 52
and prevent channeled flow (Brix 1997 , Kadlec & Knight 1996 In a plastic stomacher bag, 7 mL of MUF substrate was added to 1 g of gravel sample, homogenised 134 using a Seward Stomacher 80 Laboratory Blender and incubated at field temperature for 1 h. The 135 reaction was terminated by centrifuging the mixture at 10,000 rpm for 5 min. 0.5 mL of supernatant 136 was then added to 2.5 mL of deionised water and fluorescence determined with a LS50 fluorescence 137 spectrometer (PerkinElmer, Waltham MA, US) (excitation λ = 330 nm; emission λ = 450 nm; slit width 138 = 2.5 cm). Calibration curves were constructed using 0-100 M MUF-free acid solution and assayed as 139 above. 140
Determination of KBr tracer 141
A Dionex DX-120 Ion Chromatograph equipped with an IonPac AS4A anion analytical column was used 142 to measure the concentration of bromide. The eluent was 1.7 mM Na2HCO3/1.8 mM Na2CO3. The 143 column was calibrated using standard Dionex solutions and a flow rate of 1 mL min -1 was used. 144
Statistical Analysis of Results 145
Statistical analyses were conducted using Minitab™ version 13.1 (Minitab Inc. 2000). Differences 146 between planted and unplanted treatments were assessed via paired t-tests. For differences between 147 more than two treatments (species and biomass), repeated measures ANOVA tests were applied. For 148 significant ANOVA results, the Tukey post-hoc test was used to identify were significant differences 149 between groups lay. 150
Results 151
Planted vs. unplanted mesocosms 152

LAS removal 153
High LAS degradation was observed from the start of the experiment and increased with time ( Figure  154 2). Outflow water LAS concentration in the unplanted mesocosms (mean 0.05 mg L -1 ) was consistently 155 higher than in the planted mesocosms (mean 0.02 mg L -1
). This difference was found to be statistically 156 significant (p < 0.01). However, high LAS removal rates (>95%) were observed in both systems 157 throughout the course of the experiment. 158
Enzyme activity 159
Enzyme activity was significantly higher for phosphatase, than -glucosidase and sulphatase, by a 160 minimum of a 2-fold factor in the planted (F = 6.04, p < 0.01) and unplanted (F = 12.79, p < 0.001) 161 mesocosms ( Figure 3 ). Unplanted systems exhibited higher mean enzyme activity in comparison to 162 planted microcosms but this was only significant for phosphatase (p < 0.05). Both phosphatase and -163 glucosidase activity decreased from the initial activity measured in September, especially for the 164 unplanted systems (Figure 3a and 3b) . In contrast, an increase in sulphatase activity from initial levels 165 after LAS addition was observed ( Figure 3c ). 166
Effect of plant biomass on LAS removal 167 LAS 168
High LAS removal (>95%) was observed in all treatments with LAS concentrations increasing initially, ). Statistical analysis identified 171 significant differences in LAS removal rates between treatments (F = 8.26, p < 0.01). However, the 172 post-hoc test revealed no significant differences between the unplanted and low biomass planted 173 treatments. 174
Enzyme activity 175
Highest activity in all treatments was observed for phosphatase, followed by -glucosidase and 176 sulphatase, respectively ( Figure 5 ). No statistically significant correlations were identified between 177 enzymes in different treatments, except for phosphatase (p < 0.05), reflecting the large fluctuations 178 in activity measured. The only statistically significant differences between planted and unplanted 179 treatments was observed for sulphatase (F = 15.192, p < 0.001). Compared with the levels reported 180 for experiment 1, approximately 4-fold higher phosphatase and -glucosidase activity was observed. 181
However, in contrast, lower sulphatase activity was observed. This was more prominent in the planted 182 (low-biomass -30%, high-biomass -60%) than unplanted (-20%) mesocosms. 183
Tracer study 184 Figure 6 shows the tracer study results which provide an indication of the diffusion rate. highest activity when growth was most intensive (Speir & Ross 1978) . 239
Effect of plant biomass on LAS removal 240
LAS 241
The occurrence of highest LAS removal in the high biomass systems suggests that wetlands with a high 242 plant biomass ratio will promote LAS removal to a greater degree than comparative low plant biomass 243 ratio wetlands. Knaebel & Vestal (1992) reported that the amount of above ground plant biomass 244 correlated positively with the initial rates of mineralization. Wiessner et al. (2002) reported that the 245 total size of the root system did not significantly affect the amount of oxygen root release but was 246 governed by the size of the above ground biomass. 247
KBr was chosen as a tracer in this study due to its stability and ease of analysis (Tanner et al. 1998 ). Possible inhibition of enzyme activity and subsequent nutrient cycling by LAS is suggested elsewhere 276 (Jensen 1999) . The greater reduction observed in the planted compared with the unplanted 277 mesocosms may suggest plant mechanisms enhancing the inhibitory effect. However, no further 278 conclusions may be drawn from the data. 279
Effect of plant species on LAS removal 280
LAS 281
The high LAS removal rates observed in this laboratory-scale experiment (>98% in planted systems) 282 again highlights the potential for high LAS removal in constructed wetland systems. This study also 283 confirms greater LAS removal in planted treatments in comparison to the unplanted gravel control. 284
Though small in an operational context, the difference between planted systems in terms of net 285 percentage removal were significant. Phragmites has an optimal pH of 2-8, Typha of pH 4-10 and Juncus of pH 5-7.5 (Reed et al. 1995) . Plant 297 biomass will also influence treatment effciciency. Phragmites is reported to have much deeper root 298 penetration in gravel than Typha (Reed et al. 1995) . 299
The effect of using a mixture of species on treatment efficiency has also been investigated with some 300 evidence of improved performance using mixtures compared with monocultures (Coleman et al. 301
2001). However, the issue of competition between species is also important since this can cause a 302 shift in species assemblage. Coleman et al. (2001) found that Typha was the superior competitor in 303 plant mixture mesocosms, whereas Juncus is unlikely to be competitive (Tanner 1996 
